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Three types of novel star-shaped molecular architectures, D-w—-D-n-D and (D-m),—-D-(t-D),
anthracene (ANTTPA, AOME, AOHE) based hole transporting materials, are designed for hybrid
perovskite solar cells using the Gaussian 09 computation program with the B3LYP/6-31g (d, p) basis set
level. The HOMO energy level of the designed materials has a higher HOMO energy level compared to
the perovskite HOMO energy level, which is more facile for hole transport from the hole transporting
layer to the oxidized perovskite layer. Thereafter, anthracene-based derivatives were synthesized from
Buchwald—Hartwig and Mizoroki—Heck cross coupling reactions. The behaviors of the transporting
charges were determined by both UV-visible absorbance and emission spectroscopy through
solvatochromism experiments. Furthermore, the electrochemical properties also proved that the

synthesized compounds had an optimal HOMO energy level in the TiO,/perovskite/HTM interface. Our
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Accepted 23rd June 2020 hole transport materials (HTMs) have a good film formation compared to the spiro-OMeTAD, which was

confirmed from scanning electron microscopy images. The obtained theoretical and experimental data
show the suitability of designing anthracene-based derivatives with the potential to be used as hole
transporting materials in organic—inorganic hybrid perovskite solar cells.
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1. Introduction

Solar energy is the most promising renewable energy source and
the breakthrough research in solar energy is photovoltaics in
which organic-inorganic hybrid perovskite solar cells (PSCs)
were introduced by Miyasaka et al. in 2009." PSCs have attracted
immense attention due to the broad light harvesting ranges
with direct band gaps, long charge diffusion lengths and high
extinction coefficients.>® In PSCs, the hole transporting mate-
rial (HTM) is the most significant component and plays
a crucial role in extracting and transmitting holes from sensi-
tizer materials to the counter electrode. At present, spiro-
OMeTAD  (2,2-7,7-tetrakis(N,N'-di-paramethoxy-phenylamine-
9,9'-spirobifluorene)) is the HTM material reported to date, and
its photo conversion efficiency exceeded up to 20%.** However,
the drawbacks of spiro-OMeTAD are tedious synthetic proce-
dures, less stability, and purification processes having a high
demand for commercial applications.*” To date, many
researchers have devoted their efforts to finding an organic
HTM based on different building blocks, such as tetraphenyl-
ethylene,® truxene,’ benzotrithiophene,* 3,4-
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ethylenedioxythiophene," phenothiazine,"” 1,3,4-oxadiazole,"
silolothiophene, triazole,*® furan'® and so on. F. Zhang et al.,"”
reported two HTMs, Z25 and Z26, of which the Z25 HTMs
contain 3,4-dimethoxythiophene, which acts as a building
block, and 4-methoxy-N-(4-methoxyphenyl)-N-phenylaniline,
which acts as a donor; Z26 HTMs introduce the olefin bond
between the building blocks and donor. The olefin bond
present in a Z26 HTM has higher hole mobility, higher
conductivity, a more homogeneous surface, and also a high PCE
compared to that of Z25. But in our case, we changed the 3,4-
dimethoxythiophene building blocks with the cheaper starting
material of anthracene as a building block. Moreover, anthra-
cene based materials are reported in the various research
sectors, such as dye-sensitized solar cells, bulk heterojunction
organic solar cells, sensors, and organic light-emitting diode,
etc., due to their excellent optical properties, high stability,
easily tunable, cost-effectiveness and superior carrier
mobility."**° The previously reported HTMs have demerits such
as a low light to current efficiency, solubility issues, low stability
and high cost. Therefore, the development of a low cost, stable
and efficient HTM is a hot research sector. Based on previous
research results, we designed anthracene based HTMs and our
designed anthracene acts as building block with two types of
architecture, D-w-D-7-D and (D-m),-D—-(w-D), (Fig. 1). In
addition to that, we modified the short and long alkyl chains at
the terminal ends of the molecule as shown in the Fig. 1. Our
intended material energy level parameters were studied by

This journal is © The Royal Society of Chemistry 2020
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density functional theory, after which our designed materials
were synthesized in a laboratory scale batch. The main advan-
tages of our synthesized HTMs are that the building blocks of
anthracene are an easily available, cost effective material
compared to the spiro building blocks; in addition to that, the
synthesis of our materials does not need very cold conditions, as
spiro-OMeTAD synthesis does (i.e. —70 °C). Furthermore, our
HTMs have excellent optical and electrochemical properties
compared to those of spiro-OMeTAD. The HOMO energy levels
of our HTMs are very low when compared to the HOMO energy
level of spiro-OMeTAD (—5.02 eV)** and match well with that of
the perovskite energy level (—5.44 eV). The solubility of our
HTMs plays a crucial role in the device making process, our
HTMs have a good film forming capacity compared to that of
the spiro-OMeTAD because more T-conjugation is present in
our material. To the best of our knowledge, this type of
molecular architecture helps to increase the PCE of hybrid
perovskite solar cells.
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Fig.1 Molecular structure of the anthracene based HTMs.
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2. Experimental section

2.1. Materials

All starting materials and reagents were purchased from Alfa
Aesar and Sigma Aldrich, and used as received without further
purification. The Mizoroki-Heck coupling reaction was carried
out under the protection of nitrogen atmospheric conditions.
Silica gel-G plates (Merck) were used for Thin-Layer Chroma-
tography (TLC) analysis with a mixture of petroleum ether and
ethyl acetate as the eluent.

2.2. Instruments

'H and "*C NMR spectra were recorded on a Bruker (Avance) 300
MHz and 400 MHz NMR instrument and the chemical shifts
were recorded as 6 values in parts per million (ppm) relative to
tetramethylsilane with coupling constant () values in hertz
(Hz). The UV-visible absorbance of the prepared materials was
examined on a JASCO V-630 UV-Vis spectrophotometer using
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Fig. 2 Optimized structure of the anthracene based HTMs (a) ANTTPA, (b) AOME, and (c) AOHE.
a quartz cuvette with a 1 cm path length. The excitation and Table1 Energy level data of the designed HTMs
emission slits were set to 2.5 nm for all the emission
measurements. Steady state photoluminescence (PL) emission S. no. HTMs HOMO (eV) LUMO (eV) Eg (¢V)
spectra of the synthesized HTMs were recorded on a JASCO F- ANTTPA —4.20 171 2.48
8500 fluorescence  spectrophotometer. Electrochemical AOME —4.58 ~1.90 2.68
responses of the synthesized anthracene based derivatives were 3 AOHE —4.54 —1.90 2.63

exploited using the CH instrument model 680 Amp Booster with
a standard three-electrode electrochemical cell consisting of
glassy carbon as a working electrode, platinum wire as a counter
electrode and Ag/AgCl as a reference electrode in acetonitrile
containing 0.1 M tetrabutylammonium hexafluorophosphate as
a supporting electrolyte at a scan rate of 100 mV s~ '. The
Gaussian 09 program was used in quantum chemical calcula-
tions. The ground-state geometries were optimized by using the
restricted B3LYP/6-31g (d, p) functions at the density functional
theory (DFT) level.

2.3. General procedure for the Heck coupling reaction (A)

4-(Bis(4-iodophenyl)amino)benzaldehyde (1 equiv.), vinylated
aromatic compound (2 equiv.), BuyNBr (4 equiv.), and Pd(OAc),
(8 mol%) were dissolved in dry DMF/toluene (1 : 1) mixture. The
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Fig. 3 Frontier orbitals of (a) ANTTPA, (b) AOME, (c) AOHE.
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resulting solution was purged under nitrogen for half an hour,
then triethylamine (3 equiv.) was added as a base and the
reaction mixture heated to 95 °C and maintained overnight.
After completion of the reaction, the resulting mixture was

passed through a Celite bed washe
water. The organic layer was further

d with ethyl acetate and
washed with a saturated

brine solution and dried over anhydrous Na,SO,. The crude
material was purified by column chromatography using petro-

leum ether/ethyl acetate as an eluent.

2.4. Synthesis of compound (4)

Compound 1 and compound 2 were
previously reported literature.*

synthesized according to

Compound 3 was synthesized

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthetic route of the designed HTMs ANTTPA, AOME, and AOHE. Reagent and conditions: (a) KIOs/KI, CHsCOOH, 80 °C; (b) bis(tri-
tert-butylphosphine)palladium(0), NaOtBu, toluene, 95 °C, overnight; (c) methyltriphenylphosphonium iodide, DCM, KOtBu, RT; (d and e)
Pd(OAc),, tetrabutylammonium bromide, triethylamine, DMF/toluene (1 : 1), 95 °C.

by the same procedure as described for the synthesis of
compound 2 except that compounds 1-bromo-4-
methoxybenzene (2 g, 10.75 mmol) and 4-methoxyaniline
(1.45 g, 11.8 mmol) were used.”* To a stirred solution of
compound 2, 4-(bis(4-(bis(4-methoxyphenyl)amino) phenyl)
amino)benzaldehyde (0.2 g, 0.482 mmol) and methyl-
triphenylphosphonium iodide (0.5 g, 1.272 mmol) were dis-
solved in DCM in a 100 mL round bottom flask, maintained
under ice cold conditions. Furthermore, potassium tert-but-
oxide (0.2 g, 1.685 mmol) was portion wise added to the reaction

This journal is © The Royal Society of Chemistry 2020

mixture. The resultant solution was allowed to stir for 1 h,
maintained under ice-cold conditions and then allowed to
warm up to room temperature and stirred for about 5 h. After
completion of the reaction, the reaction mixture was poured
into water and then finally extracted with DCM twice, and the
collected organic layer was washed with brine solution and
dried over anhydrous Na,SO,. The solvent was evaporated
under reduced pressure and the crude product was purified by
column chromatography using petroleum ether/ethyl acetate
(90 : 10), to afford a light greenish yellow solid, yield 65%. 'H

Nanoscale Adv., 2020, 2, 3514-3524 | 3517
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Fig. 4 Absorbance spectra of the synthesized HTMs in both solution
and solid phase.

Table 2 Photophysical data of the synthesized HTM derivatives

Solution (DCM) Film
Aemi Amax Aemi
HTMs Amax (NM) (nm) (nm) (nm)
ANTTPA 444 606 463 617
AOME 397 567 407 575
AOHE 373 563 380 568

NMR (300 MHz, CDCl,) 6 7.24 (d, J = 6 Hz, 2H), 7.04 (d, J =
9.0 Hz, 8H), 6.83 (d, ] = 6 Hz, 2H), 6.81 (d, ] = 8 Hz, 8H), 6.74 (d, ]
= 6.8 Hz, 8H), 6.62 (dd, ] = 16 Hz, 1H), 5.59 (d, J = 16 Hz, 1H),
5.10 (d, J = 12 Hz, 1H) 3.78 (s, 12H).

2.5. Synthesis of compound N1,N1'-(((1E,1'E)-anthracene-
9,10-diylbis(ethene-2,1-diyl))bis(4,1-phenylene))bis(N1-(4-
(bis(4-methoxyphenyl)amino)phenyl)-N4,N4-bis(4-
methoxyphenyl)benzene-1,4-diamine) (ANTTPA)

9,10-Dibromoanthracene (0.1 g, 0.342 mmol), compound 4
(0.5 g, 0.682 mmol), Bu,N'Br~ (0.4 g, 1.2 mmol) and
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palladium(u) acetate (5 mol%) were dissolved in dry toluene/
DMF (1:1). A 10 mL mixture was stirred and then the resul-
tant solution was purged with nitrogen gas for about 30
minutes. Furthermore, triethylamine (0.190 mL, 1.03 mmol)
was subsequently added to the reaction mixture and heated at
95 °C, and maintained overnight. After completion of the
reaction by monitoring through TLC, the resultant mixture
was passed through a Celite bed and washed with ethyl
acetate. The organic layer was further washed with a satu-
rated brine solution and dried over anhydrous Na,SO,. The
crude product was purified by column chromatography silica
gel, using chloroform/methanol (95:5), to afford a red
orange solid, yield 60%. "H NMR (400 MHz, CDCl;) ¢ 8.42 (d, ]
= 6.9 Hz, 4H), 7.78 (d, J = 16.4 Hz, 4H), 7.53 (d, J = 7.5 Hz,
4H),7.46 (d,J = 7.3 Hz, 4H), 7.34 (d,J = 18.7 Hz, 4H), 7.08 (d,J
= 8.5 Hz, 16H), 7.02 (d, J = 8.1 Hz, 8H), 6.91 (d, J = 8.6 Hz,
12H), 6.84 (d, J = 8.2 Hz, 12H), 3.80 (s, 24H). *C NMR (400
MHz, CDCl;) 6 159.73, 145.69, 141.41, 134.03, 133.36, 132.21,
131.9, 131.22, 131.17, 130.80, 129.44, 128.62, 128.61, 128.58,
126.30, 114.72, 55.70. HR-MS m/z calcd. 1625.6976, found
1625.6964.

2.6. Synthesis of 4-((E)-3,5-dimethoxystyryl)-N-(4-((E)-3,5-
dimethoxystyryl)phenyl)-N-(4-vinylphenyl)aniline (7a) and 4-
((E)-3,5-bis(hexyloxy)styryl)-N-(4-((E)-3,5-bis(hexyloxy)styryl)
phenyl)-N-(4-vinyl phenyl)aniline (7b)

Compounds 10a and 10b were synthesized as in previously
reported literature.>® Compounds 6a and 6b were synthesized
according to general procedure A for Heck coupling.** Meth-
yltriphenylphosphonium iodide (0.4 g, 1.00 mmol) and 4-
(bis(4-((E)-3,5-dimethoxystyryl)phenyl)amino)benzaldehyde
6a (0.5, 0.83 mmol) were dissolved in 10 mL of DCM under
a nitrogen atmosphere and then KOtBu (0.1 g, 1.67 mmol) was
added portion wise slowly. The mixture was stirred for about
4 h. After completion of the reaction, the mixture was poured
into 100 mL of water. The crude product was extracted with
DCM and washed with brine. The combined organic layers
were dried over anhydrous Na,SO,. The crude material was
purified by column chromatography using petroleum ether/
ethyl acetate (99 : 1) as an eluent, to afford a white solid as
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(@) Normalized absorbance and (b) emission spectra of ANTTPA in various solvents.
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the product, yield 80%. "H NMR (300 MHz, CDCl;) 6 7.41 (d, J
= 8.5 Hz, 4H), 7.34 (d,J = 8.5 Hz, 2H), 7.10 (d, J = 8.3 Hz, 6H),
7.03 (s, 2H), 6.95 (d, J = 16.3 Hz, 2H), 6.67 (d, ] = 2.0 Hz, 4H),
6.55-6.47 (m, 1H), 6.40 (s, 2H), 5.68 (d, J = 17.6 Hz, 1H), 5.20
(d,J = 10.9 Hz, 1H), 3.84 (s, 12H). "*C NMR (75 MHz, CDCl;)
6 161.44, 147.25, 147.22, 140.02, 136.57, 136.56, 133.09,
132.36, 129.00, 128.68, 127.68, 127.33, 124.73, 124.63, 112.97,
104.92,100.26, 78.68, 78.19, 77.63, 77.00, 55.75. Compound 7b
was synthesized according to procedure for 7a, using 4-(bis(4-
((E)-3,5-dihexyloxystyryl)phenyl)amino)benzaldehyde (1 g,
1.28 mmol) 6b and methyltriphenylphosphonium iodide
(0.52 g, 1.28 mmol), KOtBu (0.24 g, 2.14 mmol) to afford a light
yellow viscous liquid, yield 78%. '"H NMR (300 MHz, CDCl;)
67.41 (d,J = 8.5 Hz, 4H), 7.34 (d, J = 8.5 Hz, 2H), 7.09 (d, ] =
8.5 Hz, 6H), 7.03 (s, 2H), 6.97 (s, 2H), 6.66 (t, ] = 4.6 Hz, 5H),
6.39 (s, 2H), 5.69 (d, J = 17.6 Hz, 1H), 5.20 (d, J = 11.0 Hz, 1H),
3.99 (t, J = 6.5 Hz, 8H), 1.86-1.74 (m, 8H), 1.48 (s, 8H), 1.43-
1.25 (m, 17H), 0.94 (d, J = 6.7 Hz, 13H). >*C NMR (75 MHz,
CDCl;) 6 160.89, 147.17, 139.79, 136.55, 132.95, 132.38,
128.72, 127.88, 127.60, 124.72, 112.94, 105.33, 101.06, 77.88,
77.45, 77.03, 68.47, 32.03, 29.70, 26.19, 23.05, 14.49.
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(a) Normalized absorbance and (b) emission spectra of AOME in various solvents.

2.7. Synthesis of 4,4'-((1E,1'E)-anthracene-9,10-
diylbis(ethene-2,1-diyl))bis(N,N-bis(4-((E)-3,5-dimethoxystyryl)
phenyl)aniline) (AOME)

9,10-Dibromoanthracene (0.1 g, 0.29 mmol), vinylated aromatic
7a (0.35 g, 0.59 mmol), and Bu,N'Br (0.38 g, 1.19 mmol) were
dissolved in dry DMF/toluene (1:1) mixture and then subse-
quently Pd(OAc), (10 mg) added as a catalyst. The reaction
mixture was purged under a nitrogen atmosphere for about 30
minutes, then triethylamine (0.09 g, 0.89 mmol) was added as
a base and the mixture tightly capped and allowed to stir at 95 °C
maintained overnight. After completion of the reaction, the
resulting mixture was passed through the Celite bed and washed
with ethyl acetate. The organic layer was further washed with
a saturated brine solution and dried over anhydrous Na,SO,. The
crude material was purified by column chromatography using
petroleum ether/ethyl acetate (97 :3) as an eluent, to afford
a yellow solid as the product, yield 65%. "H NMR (300 MHz,
CDCl;) 6 8.42 (d, ] = 3.2 Hz, 4H), 7.61 (d,] = 8.3 Hz, 4H), 7.46 (d, ]
= 8.6 Hz, 12H), 7.18 (d,J = 8.5 Hz, 12H), 7.04 (d, ] = 15.7 Hz, 8H),
6.95 (d,] = 3.8 Hz, 4H), 6.69 (s, 8H), 6.41 (s, 4H), 3.85 (s, 24H). **C
NMR (75 MHz, CDCls) 6 161.46, 147.48, 147.23, 140.01, 137.20,
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Fig. 7 (a) Normalized absorbance and (b) emission spectra of AOHE in
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Table 3 Photophysical data of the synthesized HTM derivatives

HTMs Parameters Benzene THF DCM DMF Methanol
ANTTPA  Jax (nm) 443 445 444 450 453
emi (M) 576 593 606 624 630
Stokes shift (Cmfl) 5210 5610 6020 6190 6200
AOME  Jpa (nm) 394 395 397 401 410
Aemi (M) 560 562 567 576 595
Stokes shift (Cmfl) 7520 7530 7550 7557 7580
AOHE  Jpay (nm) 367 371 373 374 380
Aemi (Nm) 545 556 563 578 590
Stokes shift (Cmfl) 8898 8960 9050 9310 9360

136.95, 133.14, 132.73, 130.08, 128.99, 128.24, 127.93, 127.03,
126.92, 125.59, 124.87, 124.69, 104.96, 100.28, 55.77. HRMS m/z
caled. 1365.5948, found 1365.5954.

2.8. Synthesis of 4,4'-((1E,1 E)-anthracene-9,10-
diylbis(ethene-2,1-diyl))bis(N,N-bis(4-((E)-3,5-bis(hexyloxy)
styryl)phenyl)aniline) (AOHE)

Compound 9 was synthesized according to the procedure for
AOME using 9,10-dibromoanthracene (0.1 g, 0.30 mmol), viny-
lated aromatic 7b (0.55 g, 0.61 mmol), tetra-butylammonium
bromide (0.38 g, 1.19 mmol), and triethylamine (0.09 g, 0.892
mmol) to afford a red colored solid, yield 60%. "H NMR (300
MHz, CDCl;) 6 8.37 (d,J = 3.2 Hz, 4H), 7.53 (d, ] = 8.4 Hz, 4H),
7.37 (d, J = 8.4 Hz, 12H), 7.10 (d, ] = 8.3 Hz, 12H), 6.95 (d, ] =
17.5 Hz, 12H), 6.60 (s, 8H), 6.32 (s, 4H), 3.91 (t, ] = 6.3 Hz, 16H),
1.72 (dd, J = 14.0, 6.7 Hz, 18H), 1.52-1.19 (m, 44H), 0.86 (q, 26H).
3C NMR (75 MHz, CDCl;) 6 160.97, 147.51, 147.17, 139.84,
137.21, 133.16, 132.67, 130.09, 128.76, 127.98, 126.97, 126.54,
125.59, 124.71, 105.50, 101.28, 68.54, 32.02, 29.72, 26.18, 23.02,
14.43. HRMS m/z caled. 1926.2208, found 1926.2202.

3. Results and discussion
3.1. Theoretical investigation

The ground state, excited state and band gap energy level play
a crucial role in the perovskite solar cells. The energy level
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alignments of our designed materials were theoretically inves-
tigated by a Gaussian 09 program. The optimized structure
(Fig. 2) and density of electron were determined by using
quantum chemical calculation at the B3LYP/6-31g (d, p) basis
set level. The electrons in the ground state are distributed
throughout the molecule, but when the molecule is in the
excited state, the electron density is localized in the center core
of the anthracene unit, which indicates an intramolecular
charge transfer (ICT) between the substituted triphenylamine
and anthracene (Fig. 3). The HOMO energy level of our designed
HTMs is higher compared to that of perovskite, so that a hole is
easily generated; at the same time, the HOMO energy level of
HTM is lower when compared to that of the counter electrode.
Our designed materials fulfilled the interface energy levels
(TiO,/perovskite/HTM/counter electrode). Furthermore, our
designed materials have enough LUMO energy to increase the
charge recombination resistance processes. In addition to that,
the HOMO energy levels of the AOME and AOHE compounds
are closer to the perovskite HOMO energy level compared to
that of the ANTTPA. This closer energy relationship is present
due to the increasing conjugation in the AOME and AOHE
materials. All the characteristic data are tabulated in Table 1.

3.2. Synthetic strategy and characterization of the HTMs

The chemical structure of the newly designed D-m-D-7-D and
(D-mt),-D—(m-D), short and long alkyl substituted triphenyl-
amine and anthracene based HTMs are ATNTPA, AOME, and
AOHE and their synthetic routes are shown in Scheme 1.
Initially, the core of the dibromo anthracene was synthesized by
a bromination reaction, and further, a Vilsmeier-Haack reac-
tion was carried out for the synthesis of the triphenylamine
mono aldehyde, then the triphenylamine mono aldehyde was
reacted with potassium iodide and iodate in acetic acid to form
the diiodo mono aldehyde of the triphenylamine derivative, and
in the meantime short and long alkyl substituted donors were
synthesized by stepwise reactions, which were reacted with the
diiodo substituted triphenylamine mono aldehyde derivatives
through Buchwald-Hartwig and Mizoroki-Heck cross coupling
reactions. These cross coupled derivatives were reacted with the

25 (b)

Current (pA)

5 . v v . . T v
0.0 05 1.0 15 20

Potential (V Vs Ag/Ag+)

Fig. 8 Cyclic voltammogram of (a) ANTTPA (b) AOME and AOHE in DCM solvent at a scan rate of 100 mV s %,

3520 | Nanoscale Adv., 2020, 2, 3514-3524

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00299b

Open Access Article. Published on 23 June 2020. Downloaded on 1/20/2026 9:31:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Nanoscale Advances

Table 4 Electrochemical properties and energy level properties of ANTTPA, AOME and AOHE

HTMs E°PSe (V) EX L (v) HOMO® (eV) LUMO (V) E" (eV) HOMO? (eV) LUMO? (eV) ES (eV)
ANTTPA 0.39 0.64 —5.15 —3.02 2.13 —4.20 -1.71 2.48
AOME 0.33 0.65, 1.31 —5.09 —2.81 2.28 —4.58 —1.90 2.68
AOHE 0.46 0.63, 1.29 —5.02 —2.79 2.43 —4.54 —~1.90 2.63

“ Onset oxidation potential. ? Peak potential. Experimentally calculated. 4 Experimentally calculated from UV-Vis spectra. ¢ Theoretically

calculated using DFT.

core material of dibromo anthracene by a Mizoroki-Heck
coupling reaction to obtain the two molecular architectures, D-
m-D-1-D and (D-7t),-D-(7-D),. Column chromatography was
used to purify the synthesized HTMs. Hereafter, the synthesized
HTMs were confirmed by 'H, >C NMR, and HR-MS. Further-
more, the synthesized HTMs were studied by their photo-
physical, morphological, and electrochemical properties.

3.3. Optical properties of the HTMs

The photophysical properties of the synthesized HTMs
ANTTPA, AOME, and AOHE were studied in both UV-visible
absorbance and emission spectroscopy, and were recorded in
two phases, such as in solution and the film phase (solid)
(Fig. 4). The UV-visible absorbance of ANTTPA shows three
absorbance bands, the higher energy absorbance may be
attributed to n-7* transition, the low energy absorbance band
is due to the intramolecular charge transfer (ICT) and the
emission band of ANTTPA is 606 nm, so the 606 nm band is due
to the ICT. AOME and AOHE absorbance bands at 397 and
373 nm may be attributed to the ICT between the triphenyl-
amine and center core of the anthracene, and emission bands
are 567 and 563 nm are observed, respectively. The character-
istic data are given in Table 2. The maximum absorbance and
emission bands of ANTTPA were bathochromically shifted
compared to AOME and AOHE. This bathochromic shift is due
to the twisted structure of ANTTPA compared to those of AOME
and AOHE. The twisted structure of ANTTPA was examined by
DFT studies through a dihedral angle.>>** Our molecule has
a C,y symmetry in nature, so we modified the HTMs in two
factors, such as an olefin bond insertion between the triphe-
nylamine and 1,3-dimethoxybenzene substituted (AOME) or 1,3-
bis(hexyloxy)benzene substituted (AOHE), and another HTM
has no olefin bond insertion between the donor (triphenyl-
amine) and the donor (bis(4-methoxyphenyl)amine
substituted). The dihedral angles of triphenylamine in the
ANTTPA, AOME, and AOHE are 145.5°, 140.3°, and 137.2°,
respectively (Fig. S8-S101). Among these HTMs, ANTTPA has
the highest dihedral angle compared to those the AOME and
AOHE, and hence ANTTPA has a more twisted structure
compared to those of AOME, AOHE.

The ICT band was further investigated using solvatochrom-
ism experiments, which is based on the solvent polarity from
non-polar to polar solvents. The influence of solvents in
synthesized HTMs were determined by both absorbance and
emission spectroscopy. The ANTTPA (Fig. 5a), AOME (Fig. 6a)
and AOHE (Fig. 7a) UV-visible absorbance spectra have

This journal is © The Royal Society of Chemistry 2020

a slightly bathochromic shift from non-polar to polar solvents.
The emission band is found to shift towards longer wavelengths
with increasing solvent polarity, and this the shift is due to the
stabilization of the charge-transfer transition in polar solvents
(Fig. 5b, 6b, and 7b). A Dimroth-Reichardt solvent polarity
correlations plot of ANTTPA, AOME and AOHE (Fig. S11-S137)
shows higher values of Stokes shift on moving from non-polar
to polar solvents, which suggests that the intramolecular
charge transfer transition is higher when compared to that of
the ground state.”*® All the characteristic data are tabulated in
Table 3. The DFT studies also prove that in the ground state of
synthesized HTMs, electrons are located in the terminal donor
group, but in the excited state electrons are delocalized in the
center core of the anthracene, which may be due to the ICT
between the terminal donor to the center core of the
anthracene.

3.4. Electrochemical properties

The electrochemical properties of all of the anthracene-based
compounds were studied in DCM solvent using cyclic voltam-
metry (CV) with tetrabutylammonium hexafluorophosphate
(TBAPF,) as the supporting electrolyte and ferrocene as the
internal reference. The usual three electrode setup consisted of
a platinum wire counter electrode, glassy carbon working elec-
trode, and Ag/AgCl reference electrode at a scan rate of 100 mV
s~ 1. The ANTTPA compound has quasi reversible redox peaks,
as shown in Fig. 8a. The oxidation peak potential of ANTTPA at
0.64 V is due to a radical cation formation attributed to the
removal of an electron from the triphenylamine moiety. The

-1
-2
-2.79 eV
e -2.81eV
e -3.02eV =
-3— e
p 3.93 eV
-4 —| —
—
P sapey -5:15eV 09cV Au
-5.40 eV pmmmmmm e AOME
m— ACHE | ANTTPA ht
—-6— Perovskite
27 ) — h+

Tio,

Fig. 9 Energy levels of the anthracene based HTMs and their align-
ment with the perovskite.
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AOME and AOHE have a two peak oxidation potential and a one
reduction peak potential. The first oxidation peak potential of
AOME is 0.65 V and the second oxidation peak potential is
1.31 V, representing the formation of stable cation and dica-
tions (Fig. 8b). The AOHE has two oxidation peak potentials at
0.63 and 1.29 V, respectively; this peak potential represents the
formation of stable cation and dications. The ground state to
excited state is determined by the onset oxidation potential in
the DCM solution. The optical band gap energy is calculated
from the onset absorbance band in the film phases by using this
equation E, = 1243/A,nser. The onset oxidation potentials of
ANTTPA, AOME and AOHE are 0.39, 0.33, and 0.46 V, respec-
tively, these onset values are substituted in the equation HOMO
= —e(E°™*" + 4.76) and finally the HOMO energy level of the
synthesized compounds obtained. The LUMO energy levels are
determined from this equation LUMO = HOMO — E,. All of the
energy levels are tabulated in Table 4.

The HOMO energy levels of our HTMs are shown in Fig. 9.
From the figure, we observe that our HTMs have a lower HOMO
energy level than the HOMO energy level of spiro-OMeTAD
(—5.02 eV)* and well match the perovskite (—5.44 €V) energy
level. These energy levels are sufficient to generate the holes
from the perovskite layer to the hole transporting layer, when
the perovskite layer is absorbed by sunlight. In our synthesized
HTMs, the LUMO energy level is nearly —2.79 to —3.02 eV,
LUMO energy levels that are suppressed by the charge recom-
bination process. Furthermore, the hexyl substituted and more
conjugated (D-t),-D—(7-D), architecture of AOHE has a closer
HOMO energy level to the perovskite HOMO energy level when
compared to the ANTTPA and AOME levels. Finally, the calcu-
lated energy levels of the synthesized anthracene-based
compounds have the potential to be applied as hole trans-
porting materials in the hybrid perovskite solar cells.
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3.5. Solubility and stability of the synthesized HTMs

In the device fabrication, chlorobenzene solvent is a refer-
ence solvent for dissolving the HTMs. Consequently, we
measured their solubility values in chlorobenzene, and we
found that 70-75 mg of spiro-OMeTAD, 80-86 mg of ANTTPA,
92-98 mg of AOME, and 120 mg of AOHE can be dissolved in
1 mL of chlorobenzene at room temperature. The surface
morphology of the pristine perovskite film and the synthe-
sized HTM coated on the perovskite film was inspected by
scanning electron microscope (SEM) images. Fig. 10a shows
that the pristine perovskite film has a regularly ordered
morphological structure, a similar morphology to that
observed by P. Y. Su et al.*® Furthermore, our synthesized
HTMs and spiro-OMeTAD were coated on top of the perov-
skite film. When the spin coating was carried out with spiro-
OMeTAD, the perovskite layer is partially covered, but our
synthesized HTMs show a uniform film on top of the perov-
skite layer (Fig. 10c-e). Among these HTMs, AOHE shows
a highly homogeneous film formation on the top of the
perovskite layer.*® Therefore, the results illustrate that the
insertion of an olefin bond increases the solubility and good
film forming capability, and moreover AOHE has a highly
soluble and highly homogeneous film due to the presence of
a hexyl group in the HTM which suppresses the intermolec-
ular aggregation of AOHE. The absolute hardness () helps to
determine the stability of the organic material to a certain
extent. The absolute hardness n can be calculated by the
equation n = (IP — EA)/2, where IP is the adiabatic ionization
potential and EA the adiabatic electron affinity. The calcu-
lated n values of ANTTPA, AOME, AOHE, and spiro-OMeTAD
are 1.06, 1.14, 1.22, and 1.46 eV, respectively. The lower
absolute hardness 7n values indicate that the material has
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SEM images of the (a) pristine perovskite film, (b) spiro-OMeTAD, (c) ANTTPA, (d) AOME, and (e) AOHE spin coated on the perovskite film.
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a better stability,*"**> so that our synthesized materials have
a high stability compared to that of the spiro-OMeTAD.

4. Conclusion

In summary, we report two novel star shaped D--D-1-D and
(D-m),-D—-(m-D), anthracene based HTMs, ANTTPA, AOME,
and AOHE. Firstly, we measured the band gap of the materials
using in the Gaussian 09 program and our designed compound
energy levels are suitable for their use as HTMs in solar cell
devices. After that, our designed materials were synthesized
from Buchwald-Hartwig and Mizoroki-Heck cross coupling
reactions with a high yield of products. The synthesized mate-
rials were confirmed by "H NMR, "*C NMR and HR-MS tech-
niques. The optical properties of the novel synthesized star-like
compounds of ANTTPA, AOME, and AOHE were carried out in
various polar and non-polar solvents. All the derivatives have
a bathochromic shift with an increase in solvent polarity. These
studies clearly show that charge transporting behavior present
in our synthesized compounds. The HOMO energy level of
AOHE is very closer to the HOMO energy level of the perovskite,
and this closer energy may be due to the long alkyl chain
present in AOHE compound. The observed theoretical studies,
optical properties, electrochemical studies, solubility and
stability studies highlight that the anthracene-based
compounds are potential candidates for use as HTMs in
organic-inorganic hybrid perovskite solar cells.
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